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ABSTRACT Resistance to antibiotics threatens to
become a worldwide health problem. An important at-
tributing phenomenon in this context is that pathogens
can acquire antibiotic resistance genes through con-
jugative transfer of plasmids. To prevent bacterial
infections in agricultural settings, the use of vet-
erinary hygiene products, such as disinfectants, has
gained popularity and questions have been raised about
their contribution to such spreading of antibiotic resis-
tance. Therefore, this study investigated the effect of
subinhibitory concentrations of benzalkoniumchloride
(BKC), a quaternary ammonium compound (QAC), on
the conjugative transfer of antibiotic resistance genes.
Five Escherichia coli field strains originating from
broiler chickens and with known transferable plasmid-
mediated ciprofloxacin resistance were exposed to
subinhibitory BKC concentrations: 1/3, 1/10 and 1/30
of the minimum bactericidal concentration. Antibiotic
resistance transfer was assessed by liquid mating for
4 h at 25◦C using E. coli K12 MG1655 as recipient
strain. The transfer ratio was calculated as the num-
ber of transconjugants divided by the number of recip-
ients. Without exposure to BKC, the strains showed
a ciprofloxacin resistance transfer ratio ranging from
10−4 to 10−7. No significant effect of exposure to subin-
hibitory concentrations of BKC was observed on this
transfer ratio.
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INTRODUCTION
Antibiotic resistance threatens to become a world-
wide health problem due to treatment failure in hu-
man and animal infectious diseases. In a review on an-
timicrobial resistance (AMR) O’Neill (2016) estimated
that by 2050 the number of human deaths from AMR
could increase to 10 million annually. Bacteria can ac-
quire AMR through gene mutation or through horizon-
tal gene transfer, whereby antibiotic resistance genes
appearing on mobile genetic elements can spread hori-
zontally to other bacteria. Especially horizontal transfer
via conjugation of plasmids is most common and also
most critical (EFSA and ECDC, 2018) as pathogens
can acquire antibiotic resistance genes through tran-
sient bacteria (Huddleston, 2014). Moreover, Dionisio
et al. (2002) showed that the spread of plasmids in het-
erogeneous bacterial communities occurs very rapidly.
C© 2019 Poultry Science Association Inc.
Received December 17, 2018.
Accepted March 19, 2019.
1Corresponding author: els.vancoillie@ilvo.vlaanderen.be
Disinfectants are chemical agents used to reduce
microorganisms in various settings such as clinical,
agricultural, and food producing environments. In re-
cent years, the number of disinfectant products and
applications used for disinfection has increased con-
siderably in veterinary settings. Cleaning and disin-
fection of materials and surfaces associated with the
housing or transportation of animals is important in
preventing and controlling transmission of infections
within and between herds (Amass and Clark, 1999).
In general, in-use concentrations of disinfectants are
defined after approval gained by passing a quantita-
tive suspension test with simulating soiling conditions
(European Standard suspension test EN 1656), al-
though inappropriate use can decrease the bacte-
ricidal efficacy of the disinfectants. Especially in
agricultural environments, remaining organic debris
after insufficient cleaning jeopardizes the efficacy of dis-
infectants (Stringfellow et al., 2009; Chandler-bostock
and Mellits, 2015). Other risks for exposure to subin-
hibitory concentrations of disinfectants are underdos-
ing and dilution of the disinfectant by residual rinsing
water. Several studies have suggested a relation
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between antibiotic resistance and exposure to subin-
hibitory concentrations of disinfectants (Braoudaki and
Hilton, 2004; Karatzas et al., 2007; Alonso-Hernando
et al., 2009; Whitehead et al., 2011; Soumet et al.,
2016). Especially for quaternary ammonium com-
pounds (QACs), a class of disinfectants that is fre-
quently used in poultry production (Maertens et al.,
2018), concerns have been raised about their potential
contribution to the emergence of antimicrobial-resistant
bacteria. Specifically benzalkoniumchloride (BKC) is
the most common QAC (Buffet-bataillon et al., 2012)
which is a mixture of alkyl-benzyl-dimethyl-ammonium
chlorides with various even numbered straight alkyl
chains and a positively charged quaternary nitrogen
head (Gilbert and Moore, 2005).
Studies investigating the impact of disinfectants on
conjugative gene transfer are limited and results are
controversial as either stimulating or reducing effects
have been reported. Indeed, a recent study by Zhang
et al. (2017) reported accelerated antibiotic resistance
gene transfer by subinhibitory concentrations of chlo-
rine, chloramine, and H2O2 within Escherichia coli and
across genera from E. coli to Salmonella Typhimurium.
In analogy, exposure to subinhibitory concentrations
of ethanol induced the transfer of the Bacillus subtilis
mobile genetic element Tn916 (Seier-Petersen et al.,
2014). In contrast, a reduced plasmid transfer has been
found after exposure to subinhibitory concentrations of
chlorhexidine (Pearce et al., 1999) and cationic agents
(Al-Masaudi et al., 1991) in Staphylococcus aureus.
The effect of widely used QACs on antibiotic re-
sistance gene transfer, specifically at low concentra-
tions (subinhibitory levels), which is commonly the
case in veterinary settings, has to our knowledge not
been evaluated yet. Therefore, in the current study, we
have investigated the effect of subinhibitory concentra-
tions of BKC, a frequently used QAC, on ciprofloxacin-
resistance transfer within avian E. coli strains via in
vitro conjugation experiments.
MATERIALS AND METHODS
Model Optimisation
Strain Selection To assess the effect of subin-
hibitory concentrations of BKC on the conjugative
transfer of antibiotic resistance genes, 5 E. coli field
strains (MB5872, MB5883, MB5900, MB5901, and
MB5917), in a previous study shown to transfer
ciprofloxacin (CIP) resistance, were selected (Lam-
brecht et al., 2018). These E. coli strains were isolated
in 2013 from fecal content of broilers in the frame of the
national antimicrobial resistance surveillance program.
Selection of the strains was based on their origin (broil-
ers) and on a moderate transfer ratio of CIP resistance
(between 10−4 and 10−6). The recipient strain was E.
coli K12 MG1655, which was made rifampicin (RIF)
resistant (Lambrecht et al., 2018).
Determination of BKC Susceptibility In order
to determine the subminimal inhibitory concentra-
tion, minimal inhibitory concentrations (MIC) and
minimal bactericidal concentrations (MBC) for BKC
were determined for the donor and recipient strains
by a microdilution method as described in detail by
Knapp et al. (2015). Isolates were grown overnight
on plate count agar (PCA, Oxoid, CM0325, Bas-
ingstoke, Hampshire, England) plates at 37◦C. One
colony was picked and used to inoculate 10 mL of Tryp-
tone soya broth (TSB, Oxoid, CM0129) and grown
at 37◦C for 16 h to obtain fresh liquid cultures. Af-
ter 16 h, strains were washed with 10 mL Ringers so-
lution (Oxoid, BR0052, Basingstoke, Hampshire, Eng-
land) and further diluted to obtain an optical density
at 600 nm (OD600) corresponding with a viable count
of 1 to 5 × 108 CFU/mL. A BKC (>95% benzalko-
niumchloride, Sigma Aldrich, 12060, St. Louis, MO)
working solution was prepared in TSB and 2-fold di-
lution series were made in a microtiter plate. Next,
50 μL of the bacterial suspension was added to the BKC
dilution series in the microtiter plate (final exposure
concentration range: 214 to 6.7 mg/L BKC; final bac-
terial concentrations: 0.5 to 2.5 × 108 CFU/mL) and
incubated for 24 h in a shaking incubator (150 rpm)
at 37◦C. After incubation, the MIC, which is the lowest
concentration of BKC where no growth was observed in
the well, was read. Subsequently, 20 μL of the bacterial
cell suspension was transferred to a new microtiter plate
filled with 180 μL Dey-Engley (DE) neutralizing broth
(Sigma Aldrich, D3435, St. Louis, MO) and incubated
at room temperature for 5 min. Subsequently, 12.5 μL
of each well was spotted on PCA plates. Plates were
incubated at 37◦C for 24 h and the minimum bacteri-
cidal concentration (MBC) was determined, which is
the lowest concentration where no growth was observed
on the agar plate (∼5 log CFU reduction).
Selection of Subminimal Inhibitory Concen-
trations of BKC Test concentrations of BKC
were selected with consideration to expose our
field isolates to subminimal inhibitory concentra-
tions. BKC susceptibility results were identical for
all isolates (MBC = 27 mg/L). Subminimal in-
hibitory concentrations of BKC being MBC/30,
MBC/10, and MBC/3, corresponding to 0.9 mg/L,
2.7 mg/L, and 9.0 mg/L BKC respectively, were se-
lected.
Neutralization of BKC As part of the optimization
process, the necessity of BKC neutralization was as-
sessed in a preliminary experiment as the subinhibitory
BKC concentrations could affect the culturability of
the bacteria. Neutralization of BKC was performed
by adding 1 mL liquid donor/recipient suspension to
9 mL DE neutralizing broth and left in contact for
5 min where after quantification was carried out. The
initial liquid donor/recipient suspension without neu-
tralization was also plated out as reference. Because
<1 log difference in CFU/mL was observed between
the bacterial counts of the initial liquid culture and
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Figure 1. Transfer ratio of plasmid-mediated ciprofloxacin resistance in the presence of subinhibitory benzalkoniumchloride concentrations.
Error bars represent standard deviations of triplicate experiments. (1) Number of transconjugants <1 CFU/mL.
neutralization liquid culture, it was concluded that no
neutralization was needed, and not carried out in fur-
ther experiments.
Antibiotic Resistance Transfer Model
To determine the transfer of CIP resistance, the
liquid mating method described by Lambrecht et al.
(2018) was used with some minor modifications. For
each condition, 3 biological replicates were tested. More
specifically, 3 different colonies were each inoculated in
5 mL Luria Bertani (LB) broth (Sigma Aldrich, L3522,
St. Louis, MO) containing the respective antibiotic (i.e.,
0.064 mg/L CIP (Sigma Aldrich, 17850) for the donor
strain and 50 mg/L RIF (Sigma Aldrich, R3501) for the
recipient).
Subsequently, to assess the effect of BKC on the
transfer ratio, strains were 10-fold diluted in LB with
subinhibitory concentrations of BKC to obtain an ex-
posure concentration of 9.0, 2.7, and 0.9 mg/L. As ref-
erence LB without BKC was tested. The initial mating
concentrations ranged from 5× 107 to 5× 108 CFU/mL
for the recipient strains and 1× 107 to 1× 108 CFU/mL
for the donor strains. After mixing donor and recipient
strains, bacteria were exposed to subinhibitory concen-
trations of BKC for 4 h at 25◦C. A temperature of 25◦C
was used to approach broiler farm conditions.
Finally, quantification was carried out on LB agar
plates with either CIP (donors + transconjugants), or
RIF (recipient + transconjugants) or double selective
LB agar plates (transconjugants). After overnight in-
cubation at 37◦C, colonies were counted. The enumera-
tion limit was 1 CFU/mL for the double selective plates
(transconjugants). The limit of quantification was set at
≥10 colonies/plate and regarded as reliable for quantifi-
cation. Transfer ratios were calculated as the number of
transconjugants divided by the number of recipients.
Statistical Analysis
Statistical analyses were performed using IBM SPSS
Statistics 24.0 (IBM Corporation, Armonk, NY).
Normality of the transfer ratios were visually assessed
with a histogram and Q-Q plot. The log-transformed
values of the transfer ratios followed a normal distri-
bution. To evaluate the effect of BKC on the plasmid
transfer (dependent variable), a linear mixed regression
model was used with BKC treatment as independent
categorical variable and isolate as a random factor. In
case of a significant effect of the BKC treatment, a
Tukey-Kramer post-hoc test was performed. P-values
≤ 0.05 were considered as significant.
RESULTS AND DISCUSSION
In the current study, the effect of subinhibitory con-
centrations of BKC on the plasmid-mediated CIP resis-
tance was determined for 5 E. coli field isolates. Plasmid
size of the plasmids harboring CIP resistance genes is
unknown.
The E. coli field strains showed a CIP resistance
transfer ratio in a range of 10−4 to 10−7 without BKC
exposure (Figure 1). No statistically significant differ-
ence in transfer ratio was observed after exposure to
subinhibitory concentrations of QACs. This result is
corroborating with the results of the study of Pearce
et al. (1999) who showed that subminimal inhibitory
concentrations of another QAC (i.e., cetrimide) had no
effect on the transfer of plasmid encoded gentamicin
and kanamycin resistance in Staphylococcus aureus.
For 1 strain (MB5900), exposure to the highest subin-
hibitory concentration of BKC (9 mg/L) suppressed the
conjugation efficiency to such an extent that the num-
ber of transconjugants was below the enumeration limit
(<1 CFU/mL) and the number of donors and recipients
still ranged between 5× 106 and 5× 107 CFU/mL. This
result might be explained by QACs, affecting the syn-
thesis of conjugative apparatus in this strain (Pearce
et al., 1999).
In other studies, a promoting effect of exposure to
subinhibitory concentrations of disinfectants other than
QACs on plasmid transfer was found. Zhang et al.
(2017) reported a significant increase in conjugative
transfer of ampicillin, chloromycetin, and tetracycline
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resistance genes in E. coli by exposure to subinhibitory
concentrations of chlorine, chloramine, and hydrogen
peroxide. Also, Seier-Petersen et al. (2014) studied
the effect of ethanol, hydrogen peroxide, chlorhexidine
digluconate, and sodium hypochlorite exposure prior
to filter mating in Bacillus subtilis, but did not find a
significant increase in conjugative transfer of Tn916-
mediated tetracycline resistance, except for ethanol.
Conversely, in E. coli a low-sodium hypochlorite dose
significantly promoted conjugative tetracycline trans-
fer 2- to 5-fold as compared to the control (Guo et al.,
2015).
Besides genus, species, or strain diversity and differ-
ences between disinfectants, varying experimental fac-
tors such as mating temperature, mating time, bacterial
concentration, and donor/recipient ratio used for the
conjugative experiment might also explain these appar-
ently contradictory results.
In the current study, a mating temperature of 25◦C
was used since this temperature approaches the tem-
perature of the broiler stable environment, while in a
previous study of our group (Lambrecht et al. 2018)
the mating temperature was 37◦C. Nevertheless, Zhang
et al. (2017) concluded that the mating temperature
(25 or 37◦C) has no significant effect on the conjuga-
tive transfer in E. coli. In their conjugative model, the
transfer in E. coli decreased when the mating time ex-
ceeded 4 h. However, another study on E. coli demon-
strated an increased conjugative transfer frequency
within 6 h of mating, and even a very slightly pro-
moted transfer by further increase of mating time (Guo
et al., 2015). In the present study, a mating time of
4 h was chosen to minimize secondary transfer from
transconjugants to recipients and vertical gene transfer.
Additionally, a donor/recipient ratio of 1:5 was used in
accordance with our previous study (Lambrecht et al.
2018). While in lactococcal species this ratio has been
shown to significantly influence the antibiotic resistance
transfer (Lampkowska et al., 2008), donor/recipient ra-
tios seem to have no significant effect on the conjugative
transfer in E. coli (Guo et al., 2015; Zhang et al., 2017).
However, the bacterial concentration is an important
experimental factor as concentrations of E. coli below
104 CFU/mL suppress the conjugative transfer (Guo
et al., 2015). In previous conjugative transfer experi-
ments, bacterial concentrations generally ranged from
107 to 109 CFU/mL. In the current study, the initial
bacterial concentrations ranged from 5 × 107 to 5 ×
108 CFU/mL for the recipient strains and 1× 107 to 1×
108 CFU/mL for the donor strains. It has been reported
that the conjugative transfer ratio is not significantly
influenced by high donor or recipient concentrations
when exceeding 105 CFU/mL. As cell-to-cell contact
is needed for plasmid transfer, low bacterial concentra-
tions likely will lead to a low frequency of cell-to-cell
contacts.
In addition to these discussed experimental fac-
tors, liquid vs. filter mating and the incubation
time corresponding with either the exponential or
stationary growth phase may also affect conjugative
transfer (Lampkowska et al., 2008).
In summary, the current study showed no increase
in conjugative transfer of CIP resistance after exposure
to subinhibitory concentrations of BKC. Moreover, it
should be noted that conjugation models used in studies
reporting a promoted conjugation transfer of antibiotic
resistance genes due to subinhibitory exposure to dis-
infectants are established after optimization of exper-
imental factors. Therefore, further research on trans-
fer models approaching agricultural settings is required
to investigate if subinhibitory concentrations of farm
disinfectants would increase horizontal antibiotic resis-
tance gene transfer in practice.
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